The grinding of case-hardened gears after the heat treatment ensures a high quality regarding the gear geometry and tooth surface topography. If the limits of the gear material are exceeded during this process, the mechanical and thermal influence from the grinding operation can lead to tempering effects and re-hardening of the gear teeth. As part of the research project FVA (Forschungsvereinigung Antriebstechnik e.V.) 453 (Schwienbacher et al., 2007) , the influence of grinding burn on the flank load carrying capacity has been investigated. As a result, a surface factor has been proposed to allow a consideration of the negative influence on the flank load carrying capacity due to grinding burn. However, for most applications, the flank load carrying capacity of the unimpaired tooth flank must be provided to ensure a safe operation. Within the project FVA 453 II (Koller et al., 2012b) , the potential of superfinishing, shot peening and re-grinding, respectively, as a repairing method were evaluated experimentally. The main results of this project will be summarized in this paper.
Introduction
Gears with high performance requirements are usually ground after heat treatment. This ensures a high quality of the gear geometry and the tooth surface. Schwienbacher (Schwienbacher, S., 2008) describes grinding as a thermal and mechanical influence to the case of the tooth flank. Figure 1 shows a schematic illustration of a grinding grain penetrating the surface of a workpiece. This penetration results in an elastic-plastic deformation of the surface material. Also, the friction between the grinding grain and the workpiece surface leads to a local increase of temperature.
If the thermal input into the case of the tooth flank is higher than the material-dependent limits, tempering effects up to re-hardening occur. This is accompanied by a significant change of the material and structural properties, the hardness and the residual stress state of the case. These effects -commonly known as grinding burn -cause a reduced flank load carrying capacity of the gears.
The influence of grinding burn on the flank load carrying capacity has been investigated in several research projects (Koller et al., 2012a Koller et al., 2012b; Schwienbacher et al., 2007) . The results of these projects allow a consideration of the negative influence on the flank load carrying capacity due to grinding burn, for example by using the surface factor Z S proposed in the research project FVA 453 (Schwienbacher et al., 2007) . However, for most applications, the flank load carrying capacity of the unimpaired tooth flank must be provided to ensure a safe operation. Therefore, further research focused on the possibilities of repairing gears which were suffering from grinding burn.
In the research project FVA 453 II (Koller et al., 2012b) , the potential of superfinishing, shot peening and 1 ,
Prior Work
In this chapter, an overview of related research activities will be given. In particular, the manufacturing methods shot peening and superfinishing will be described shortly. Additionally, the main results of the research projects FVA 521 (Koller et al., 2010) and FVA 453 (Schwienbacher et al., 2007) will be summarized.
Shot Peening
Shot Peening is a mechanic influence to the case of a workpiece. As a result, compressive residual stresses arise in the near-surface material. The amount and depth of the maximum residual stress depends on the material characteristics and the shot peening media and parameters.
Wohlfahrt (Wohlfahrt, H., 1984) , describes two different models to explain the change of the case properties due to shot peening: Figure 2 shows the first model on the left side. This model is based on the Hertzian contact stress, which is induced by the shot balls into the workpiece surface. If the Hertzian contact stress rises to a certain level, the yield strength of the material is locally exceeded by the maximum shear stress. The resulting plastic deformation leads to the formation of compressive residual stresses.
The second model, shown in Figure 2 on the right side is based on the direct elastic-plastic deformation of the surface due to the high number of shot balls ("surface hammering"). As a result, high compressive residual stresses arise on the surface in combination with an increase of the surface roughness and hardness.
The actual stress distribution results from a combination of these two models and is influenced by the material type and hardness of the workpiece and the shot balls.
According to Wohlfahrt (Wohlfahrt, H., 1984) , the first model is dominant for common case-hardened steels such as 16MnCr5 or 18CrNiMo7-6.
A downside of the shot peening process is the increase of surface roughness, which significantly may increase the risk of micro-pitting. To lower this risk, additional manufacturing such as superfinishing needs to be applied to the tooth flank surface. (Köcher et al., 1995) Koenig, Koller, Tobie and Stahl, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Figure 2: Two Models of the Influence of Shot Peening on the Case Properties (Wohlfahrt, H., 1984) 
Superfinishing
Superfinishing is a surface finishing process that removes the surface roughness peaks due to a relative movement between the workpiece and an abrasive media in a vibrating barrel. As a result, a plateau-like surface with a very low roughness remains on the workpiece. Figure 3 shows a schematic illustration of the superfinishing process. (Koller et al., 2010) Superfinishing can be subdivided into a mechanical and a chemically enhanced variant. For mechanical superfinishing, a mixture of water, compound and abrasives is used. The compound is added to avoid corrosion of the workpiece and to remove the grinding abrasion from the process. For chemically enhanced superfinishing, two different compounds are used. The first acidic compound generates a transition layer on the surface of the workpiece which is then removed by the ceramic abrasive media. The exposed areas are then again covered by the compound. After the desired surface roughness has been reached, a second neutral compound is added which removes the acidic compound from the surface of the workpiece. Usual processing times for gears are up 24 hours for mechanical and between 2 and 6 hours for chemically enhanced superfinishing. Koenig, Koller, Tobie and Stahl, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) 
Influence of Shot Peening and Superfinishing
The influence of shot peening and superfinishing to the flank load carrying capacity of case-hardened gears has been investigated in the research project FVA 521 (Koller et al., 2010; König et al., 2015) . Figure 4 shows the main results of the investigations regarding the pitting resistance. In this diagram, the nominal flank pressure σ H0 is plotted over the number of load cycles. (Koller et al., 2010) While the conventionally ground reference variant R1 reaches a pitting resistance in the usual range according to the standards (ISO 6336:2006) , the superfinished variant R2 with a surface roughness of Ra ≈ 0.1 μm shows a significantly increased pitting resistance in terms of both time-limited and endurance strength. The increase of the endurable pitting resistance achieved by superfinishing is in the order of about 11%, based on the nominal flank pressure σ H0 of the reference R1.
A further increase of the pitting resistance is visible for the shot peened and superfinished variant R3. Since the surface roughness of the variant R3 is comparable to the superfinished R2, the additional increase in pitting resistance must be caused by the induced compressive residual stresses resulting from the peening treatment. Compared to the reference variant R1, an increase of 21% of endurable nominal flank pressure σ H0,∞ was observable.
Based on the endurable torque, these results imply an increase of 23% for the superfinished variant R2 and of 46% for the shot peened and superfinished variant R3, respectively, compared to the ground reference R1. Also, the high absolute value of the endurable flank pressure for the variant R3 of approximately 1800 N/mm² must be noted.
Influence of Grinding Burn
The influence of grinding burn to the tooth flank load carrying capacity has been investigated by Schwienbacher (Schwienbacher, S., 2008; Schwienbacher et al., 2007) . Table 1 shows the case properties of two exemplary variants. Both of these case-hardened variants were made of 18CrNiMo7-6 and were conventionally ground after heat treatment.
The first variant FA0 was ground without any notable tooth flank damage. The second variant FB3 shows light grinding burn on more than 25% of the tooth flank area, while the third variant FD3 is severely impacted by grinding burn on most of the tooth flank area. A comparison of the case properties (hardness and residual stress state) reveals that with an increased amount of grinding burn the surface hardness is reduced and significant tensile stresses were measured in the near-surface area.
All three variants -among others with different levels of grinding burn -were tested under standard conditions on Vol.11, No.6 (2017) the FZG back-to-back gear test rig (DIN ISO 14635-1:2006-05) . For the variants described in here, a decrease of the endurable nominal flank pressure σ H0,∞ of 9% and 11% have been determined, respectively, compared to the undamaged reference variant FA0. Based on the experimental results, Schwienbacher proposed an extension to the calculation method of the permissible contact stress σ HP according to ISO 6336-2, Method B (ISO 6336:2006) . The proposed calculation method takes into account the decrease of the endurable pitting load capacity due to the altered case properties (hardness and residual stress state) caused by grinding burn with a new surface factor Z S :
(1) Z S consists of two factors, taking into account the changed hardness and the residual stress state due to the grinding burn separately. The detailed calculation of Z S is described by Schwienbacher (Schwienbacher, S., 2008; Schwienbacher et al., 2007) and König (König et al., 2015) .
Current Work

Test Gears and Gear Geometry
The experimental investigations described herein were carried out on a FZG back-to-back gear test rig (DIN ISO 14635-1:2006-05) with a center distance of a = 91.5 mm. The test rig is driven by a three-phase asynchronous engine with a constant speed of 3000 rpm. Test pinion and test gear are mounted on two parallel shafts which are connected to a drive gear stage with the same gear ratio. The gears are profile shifted and the pitch line velocity is approximately 7 m/s. The shaft of the test pinion consists of two separate parts which are connected by a load clutch. A defined static torque is applied by twisting the load clutch using defined weights on the load lever or by twisting the load clutch with a bracing device. The torque can be controlled indirectly at the torque measuring clutch as a twist of the torsion shaft.
The test conditions were chosen similar to the default test parameters according to ISO 6336 (ISO 6336:2006 ) and thus allow a direct comparison of the strength values with the specifications of the standards.
The main geometry data of the test gears are noted down in Table 2 . The gears were made of the material Koenig, Koller, Tobie and Stahl, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) 18CrNiMo7-6 and were case-hardened and conventionally ground after heat treatment. For the variants with grinding burn, the grinding parameters and the coolant supply were adjusted based on the experiences gained from FVA 453 (Schwienbacher et al., 2007) to create the desired impairment. The detailed grinding parameters are documented in the report of the research project FVA 453 II (Koller et al., 2012b) . 
Results of the Experimental Investigations
The experimental investigations were carried out for all three repairing methods in order to determine the pitting load capacity. For the shot peened variants "K" and re-ground variants "N", full S-N-curves have been determined under standard conditions. For the superfinished variants "GS", the test results did not allow the determination of an S-N-curve, therefore, the results of the selective tests will be described.
Superfinishing
For the tests with gears repaired by superfinishing, two batches of gears were used. In Figure 5 , the results of the superfinished variants FB3GSx and FD3GSx are shown, compared to the results of the un-repaired variant FD3 of the preceding research project. Koenig, Koller, Tobie and Stahl, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) For the first batch, marked with a star (*) and a grey background in Figure 5 , the selective tests showed a pitting load capacity comparable to the unimpaired variant FA0 of FVA 453 (Schwienbacher et al., 2007) . Furthermore, in the area of fatigue strength, the lightly impaired variants FB3GSx were able to achieve higher load cycle numbers before failure than the severely impaired variants FD3GSx.
In order to determine a full S-N-curve, a second batch of the variant FD3GS1 has been tested. However, for this batch, no pitting endurance could be determined. Even for a significantly reduced nominal contact stress of σ H0 < 1300 N/mm 2 , no passed specimen could be observed. A detailed investigation of the failed specimen revealed that the pitting load capacity of gears impaired by grinding burn is more significantly influenced by the case properties than by the surface roughness. Therefore, superfinishing is not considered to be a suitable repairing method for gears suffering from grinding burn.
Shot Peening
For the investigation of the applicability of shot peening as a repairing method, gears with severe impairment by grinding burn were used (FD3). The first tests were undertaken with gears that were shot peened only. However, due to the increased surface roughness after the shot peening process, these gears did show high amounts of micro-pitting. The test conditions were therefore modified and superfinishing was applied after the shot peening.
The results of the shot peened and superfinished variant FD3K are shown in Figure 6 . For this variant, a pitting endurance of σ H0∞,50% = 1455 N/mm 2 has been determined, which is comparable to the unimpaired variant FA0 of FVA 453 (Schwienbacher et al., 2007) .
Although this variant did not show any micro-pitting, scrape marks have been observed on some test gears. In ground condition, the gears were equipped with a tip relief of C a = 25±3 μm. However, due to extended superfinishing processing after the shot peening, the tip reliefs were modified to an amount not suitable for the given load conditions, which led to scrape marks arising during the test runs due to the increased engagement impulse.
As a result, it can be noted that in general a combination of shot peening and superfinishing is a suitable repairing method for gears suffering from grinding burn. (Koller et al., 2012b) 
Re-Grinding
In Figure 7 , the results of the re-ground variants FB3N and FD3N are shown, compared to the results of the un-repaired variant FD3 of the preceding research project.
Based on the results of both the variants FB3N and FD3N , re-grinding can be considered to be a suitable repairing Koenig, Koller, Tobie and Stahl, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) method even for gears suffering from severe grinding burn. The results did not show any significant difference in the experimentally determined flank load carrying capacity and overall, a pitting endurance of σ H0∞,50% = 1499 N/mm 2 has been determined. This is a pitting endurance comparable to the unimpaired variant FA0 of FVA 453 (Schwienbacher et al., 2007) . It must be noted, however, that the grinding parameters for the re-grinding process must be properly adjusted to avoid grinding burn safely. It must also be taken into account that the second grinding process leads to a reduced base tangent length and case hardening depth CHD. Figure 7 : Results of the gear running tests of the re-ground variants FB3N and FD3N (Koller et al., 2012b) 
Conclusion
The tooth flank load carrying capacity of case-hardened gears is significantly influenced by the manufacturing process applied to the tooth flank surface. Gears with high performance requirements are usually ground after heat treatment.
If the limits of the gear material are exceeded during this process, the mechanical and thermal influence from the grinding process can lead to tempering effects and re-hardening of the gear teeth. As a result of these unwanted effects, a significant reduction of the tooth flank load carrying capacity has been observed.
Within the research project FVA 453 II (Koller et al., 2012b) , the potentials of three different surface manufacturing processes were evaluated experimentally.
As a first potential repairing method, superfinishing has been evaluated. Superfinishing significantly reduces the surface roughness, which, in general, leads to an increased pitting load capacity. However, especially the variant severely impaired by grinding burn, did not show any significant effect on the pitting load capacity. As a result, superfinishing is not recommended as a repairing method for gears suffering from grinding burn.
As a second method, shot peening has been evaluated. By shot peening, residual compressive stresses can be created in the case area of the tooth flank. However, shot peening also significantly increased the surface roughness, which led to severe micro-pitting during the test runs. Therefore, for the variants investigated herein, additional superfinishing has been applied after the shot peening.
For gears repaired by shot peening and superfinishing, a pitting endurance comparable to the unimpaired variant of the preceding research project could be determined. Therefore, the combination of shot peening and superfinishing is recommended for gears with light to medium grinding burn only.
As a third repairing method, re-grinding has been evaluated. By adequate re-grinding, the case area influenced by grinding can be removed completely. Consequently, a pitting endurance comparable to the unimpaired variant of the preceding has been determined. Since, by re-grinding, it is possible to remove the affected material completely, 
